Introduction {#s1}
============

Adult stem cells are characterized by two cardinal properties: self-renewal and the ability to generate all mature cells of a specific tissue. We previously showed that adult mammalian retinal stem cells (RSCs) can be isolated from the pigmented ciliary epithelium (CE) of the mouse ([@b50]) and human eye ([@b13]). Self-renewal of mammalian RSCs was demonstrated by clonal single sphere passaging, and the progeny showed multipotency by differentiation to mature retinal cell types including: photoreceptors, bipolar cells, retinal ganglion cells, Müller glia and retinal pigmented epithelium (RPE) ([@b50]). Transplantation assays into neonatal mice demonstrated the ability of clonal RSC progeny to integrate into the various neural layers of developing host retina and differentiate *in vivo* ([@b13]). These progeny included a number of mature retinal cell types including ROM1-positive rod photoreceptors. Inoue et al. demonstrated that a small number of RSC-derived photoreceptors could integrate and exhibit functional photoreceptor replacement ([@b25]).

Recent reports suggest optimum integration of transplanted photoreceptors into host retina depends on the stage of donor photoreceptor differentiation ([@b34]). The use of stem cells for photoreceptor replacement strategies in humans would require differentiation protocols that can generate highly pure, fate-specified, populations of photoreceptor precursors. However, pan-retinal differentiation of adult RSCs *in vitro* using serum yields a minority of rhodopsin-positive cells relative to other cell types ([@b50]; [@b13]; [@b25]).

To demonstrate the feasibility of their use in adult stem cell therapy we show that RSCs can be specifically isolated from the CE, and that their progeny can be clonally expanded *in vitro* and induced to differentiate into rod photoreceptors efficiently with exogenous factors. Recent reports have challenged the stem cell nature of the RSC ([@b11]; [@b19]): the present results strongly support a stem cell hypothesis. These results also give us further insight into the rigorous definition of the stem cell character of RSCs, as compared to other adult stem cell populations. RSCs represent an attractive source of highly purified photoreceptors for use in cell transplantation and avoid ethical issues and tumorigenic concerns that arise from the use embryonic stem cells.

Results {#s2}
=======

Retinal stem cells can be isolated based on cell size and pigmentation {#s2a}
----------------------------------------------------------------------

RSCs are a rare population of pigmented cells ([@b50]) present in the CE intermingled with mature pigmented epithelium cells. There are currently no specific cell surface markers to differentiate between the two cell types. We sought to determine properties unique to RSCs and enrich this population. We confirmed that RSC colonies were derived only from pigmented cells by single cell sorting: 1.8% of single pigmented cells gave rise to clonal colonies and none arose from the non-pigmented cell fraction (*n* = 1691 cells, 2 experiments). We observed that cells from primary CE dissections present with a large variation in size and pigmentation ([Fig. 1A--C](#f01){ref-type="fig"}). We tested whether RSCs could be reliably enriched based on these properties using cell sorting. When analyzed by flow cytometry, we found that CE samples contained a population of cells with high side scatter (SSC), which was not present in control neural retina samples ([Fig. 1D](#f01){ref-type="fig"}). The high SSC population was not present in sorts from albino animals, consistent with SSC indicating degree of pigmentation/granularity. We verified that this population consisted of pigmented cells by visual inspection of freshly sorted cells. Pigmented cells were subdivided into quadrants based on forward scatter (FSC, indicating cell size) and SSC ([Fig. 1E](#f01){ref-type="fig"}). We found that colonies arose only from the FSC-high/SSC-high population, indicating that RSCs are large, pigmented cells: 0.018±0.005% of cells in this fraction gave rise to a colony, compared with 0.005±0.005% of un-gated (non-sorted) controls (N = 3), representing an approximate 3.5-fold enrichment. This double high population was then further subdivided into an additional 4 quadrants ([Fig. 1F](#f01){ref-type="fig"}) to further characterize the enrichment: 0.19±0.08% of cells in the region with the heaviest pigmentation but smaller size formed colonies compared with 0.019±0.01% of un-gated controls (N = 5, *P*\<0.05), a 10-fold enrichment. The absolute frequency of colony formation was relatively low, perhaps due to our finding that CE cells were exceptionally sensitive to the process of cell sorting. The recovery rate of cells was less than 10% of the starting population, so RSC frequency is likely underestimated. In single cell per well experiments above where live cells were counted 12 hours after sorting, the higher frequency of colony formation can be accounted for by the exclusion of apoptotic cells shortly after being plated. These data confirm that only a subset of pigmented cells from the CE with defined characteristics (medium-large in size and the most heavily pigmented) are capable of proliferating to form clonal RSC colonies.

![RSCs can be isolated from ciliary epithelial (CE) cells using forward and side scatter and express the surface adhesion molecule P-cadherin.\
CE dissection yields a variety of cell types: single non-pigmented cells are present **(A)** along with **(B)** lightly pigmented, and **(C)** heavily pigmented cells. Scale bars represent 25 µm. **(D)** Pigmented cells from dissociated CE make up a population with high side scatter that is not present in dissociated neural retina (NR). **(E)** This pigmented cell population was divided into 4 quadrants, of which only one gave rise to RSC colonies. **(F)** The population of large, heavily pigmented cells (P7) was subdivided into 4 new quadrants and RSCs colonies formed only from the smaller, most heavily pigmented cells. Cells were plated at clonal density (10 cells/µL) for colony forming assays. Error bars represent s.e.m., N = 3 for each.. Dissociated CE cells were immunostained for P-cadherin. Cells were divided into negative (P7), low (P5), and high (P6) P-cadherin level **(G)**, FITC intensity along horizontal axis), which was not present in the secondary-only controls. **(H)** A histogram of cell counts for sorting of dissociated CE cells, while sorting dissociated NR **(I)** confirms that gate P7 is sorting for P-cadherin-negative cells, as NR cells do not express P-cadherin. All RSC colonies are derived from P-cadherin-low cells, N = 2. Freshly isolated CE expresses high levels of mRNA for P-cadherin, expressed in the pigmented CE and N-cadherin, expressed in the non-pigmented layer. **(J)** RSC colonies are derived from pigmented CE cells, but also express high levels of both cadherins as spheres are a mix of pigmented RSCs and non-pigmented progenitors. Data shown are deltaC~t~ compared to the endogenous control rplp0 ± s.e.m., N = 2 or 3.](bio-01-03-237-f01){#f01}

Retinal stem cells express P-cadherin {#s2b}
-------------------------------------

We also sought to determine whether specific surface markers exist which could identify RSCs. P-cadherin is an adhesion molecule expressed only in the outer pigmented layer of the CE where RSCs reside; inner non-pigmented CE cells express only N-cadherin ([@b55]; [@b24]). We expected RSCs to express P-cadherin but not N-cadherin. Isolated CE cells were immunostained for P-cadherin and analyzed by flow cytometry ([Fig. 1G](#f01){ref-type="fig"}). We used albino mice in order to avoid masking fluorescence by pigment granules. P-cadherin positive cells comprised 34.5±4.5% of cells collected and all colonies arose from P-cadherin expressing cells. The frequency of sphere formation was 0.16±0.03%, (N = 3) similar to results obtained with size and pigmentation-based sorts. When P-cadherin levels were subdivided into low and high ([Fig. 1G](#f01){ref-type="fig"}), all colonies came from the P-cadherin-low fraction (sphere formation frequency 0.22±0.15%, N = 3), with an 8.8-fold enrichment in P-cadherin-low over ungated cells ([Fig. 1H](#f01){ref-type="fig"}). Samples from neural retina represented negative controls ([Fig. 1I](#f01){ref-type="fig"}). No colonies arose from the N-cadherin positive cell population. In agreement with pigment-based sorts, we also found that only large sized P-cadherin-expressing cells gave rise to colonies. mRNA of P-cadherin and N-cadherin is high in CE-derived colonies because these colonies represent a mixture of retinal stem and progenitor cells ([Fig. 1J](#f01){ref-type="fig"}). These results demonstrate that low P-cadherin level is a reliable surface marker to specifically isolate RSCs from the CE and also confirm the localization of RSCs to the pigmented epithelium of the CE.

Exogenous factors can direct undifferentiated RSC progeny to produce rod photoreceptors *in vitro* {#s2c}
--------------------------------------------------------------------------------------------------

When adult RSCs were transplanted into adult mouse retina in a hydrogel matrix, the majority of undifferentiated RSC progeny integrated into the RPE layer ([@b6]). However, in order to overcome most primary vision loss, the photoreceptor must be replaced. In order to approach a cellular population ideal for transplantation, a screen of factors shown to be important in rod fate specification during retinal development was performed. These include combinations of taurine ([@b4]), retinoic acid (RA) ([@b26]; [@b23]), sodium butyrate and sonic hedgehog ([@b20]; [@b33]). Strong expression of mature rod photoreceptor phenotypes following application of taurine/RA for 40 days *in vitro* was described recently (G. C. Demontis, C. Aruta, A. De Marzo, V. Marigo, personal communication).

Rhodopsin expression was used to evaluate the efficiency of rod photoreceptor differentiation. Immunocytochemistry demonstrated stark differences in rod differentiation potential, ranging from 10% in 1% FBS to 95% in the best conditions (supplementary material Fig. S1). The screening results showed a partial increase in photoreceptor fate in the presence of basic fibroblast growth factor (FGF2) alone (40%). FGF2 is known to be an important factor in neural retinal differentiation ([@b44]) and rod fate specification during retinogenesis ([@b20]; [@b36]). Other individual factors induced an intermediate level of rhodopsin expression, approximately 50% in RA, taurine, or SHH alone. The combinations yielding the highest enrichment for rods (90--95%) consistently required a combination of taurine and RA in addition to the other factors ([Fig. 2A,B](#f02){ref-type="fig"}).

![Exogenous factors can induce directed-differentiation of mouse RSC progeny to a rod photoreceptor fate in a pattern consistent with developmental rod production.\
**(A,B)** Representative images of rhodopsin-positive cells (red, cytoplasmic) following 40 days of culture in (A) 1% FBS + F/H, (B) T+RA+F/H. Nuclei are shown with Hoechst staining (blue). Scale bars represent 50 µm. **(C)** Q-PCR analysis comparing rhodopsin expression between 1% FBS + F/H and T+RA+F/H culture conditions, compared to primary cultures of dissociated adult neural retina and undissociated (fresh) adult neural retina. Data are reported relative to expression in primary undifferentiated RSC spheres. Error bars represent s.e.m. (1% FBS+F/H, N = 4; T+RA+F/H, N = 6; NR culture, N = 2; fresh NR, N = 3). **(D--E)** Representative electron microscopic images of cells differentiated at 40 days in (D) T+RA+F/H or (E) 1%FBS+F/H. Cells differentiated in T+RA+F/H show a morphology lacking in ciliation and pigmentation (D and inset, black arrowhead), compared to the extensive ciliation and retention of pigment granules seen with cells differentiated in serum. Light grey intracellular regions represent lysosomes and are not pigment granules. Coloured arrowheads have been used to indicate the difference between pigment granules (red arrowheads) and cellular organelles (blue arrowheads) -- which include lysosomes and nucleoli. Scale bars represent 10 µm (2 µm inset) (D) or 2 µm (E). **(F)** RSC-derived rods staining positive for rhodopsin (red) at 28 days differentiation in taurine/retinoic acid show a neuronal morphology (arrows) with long process extending from a central cell body (arrowheads), similar to cultured primary rod photoreceptors from adult mice for 4 days in T+RA. Scale bar represents 50 μm. **(G,H)** Primary adult rods are positive for (G) rhodopsin (red cytoplasmic) and (H) Crx (purple nuclear). Where these cells form aggregates when plated, the morphology looks similar to aggregates of RSC-derived rod photoreceptors (see [Fig. 4](#f04){ref-type="fig"}). Nuclei are shown with Hoechst staining (blue). Scale bars represent 50 µm. **(I)** Schematic representation of the differentiation protocol developed for directed-differentiation of rod photoreceptors from primary RSCs isolated from *Nrl.gfp* animals. **(J)** Expression profiles of Nrl (green) and rhodopsin (red) over 40 days of differentiation in 1% FBS+F/H, T+RA+F/H, 1% FBS+T+RA+F/H, and the \[1% FBS+F/H\]/\[T+RA+F/H\] sequential protocol. Nrl expression precedes rhodopsin expression by approximately 1 week in T+RA, and is consistent regardless of a two week expansion in 1% FBS+F/H. Error bars represent s.e.m. (N\>3). **(K)** Q-PCR analysis comparing genes for multiple retinal cell types between 1% FBS+F/H (40 days), T+RA+F/H (21 days), and T+RA+F/H (40 days). Data are reported relative to expression in primary undifferentiated RSC spheres. Error bars represent the s.e.m. of independent experiments (N = 4--6).](bio-01-03-237-f02){#f02}

For subsequent experiments, FGF2 was included in control (1% FBS) and taurine/RA conditions as RSC progeny were found to adhere and migrate better on laminin substrate when FGF2 was present. Q-PCR analysis revealed increased expression of rhodopsin in taurine/RA cultures compared to 1% FBS differentiation, similar to levels of rhodopsin in rods from dissociated cultures of neural retinal cells ([Fig. 2C](#f02){ref-type="fig"}).

A recent study used electron microscopy analysis to show that RSC progeny grown in pan-retinal differentiation conditions retain expression of CE morphology, and included the observation that every RSC sphere-derived cell subjected to differentiation in FBS contained at least one pigment granule ([@b11]). Electron microscopy was performed on 44 day differentiated RSC progeny in 1%FBS and taurine/retinoic acid. A significant number of cells (66±21%) cultured in taurine/retinoic acid differentiation conditions completely lose pigmentation and adopt morphology inconsistent with retinal epithelial cells *in vitro*, including loss of ciliation ([Fig. 2D,E](#f02){ref-type="fig"}). Many of the remaining cells included at most one pigment granule. In contrast, 80±20% of cells cultured in 1%FBS retained at least one pigment granule when cultured for 44 days. In low-density culture, RSC-derived rhodopsin-positive cells show a neuronal morphology indistinguishable from primary cultures of adult rod photoreceptors ([Fig. 2F--H](#f02){ref-type="fig"}). The loss of normal photoreceptor morphology in rod photoreceptors isolated from neural retina, dissociated and cultured *in vitro* is well known ([@b48]) and is hypothesized to be due to the absence of supporting RPE. The lack of clear outer segment morphology *in vitro* is consistent with our finding that primary cultures of rods express lower levels of rhodopsin, similar to levels observed in RSC-derived rods.

RSC-derived rhodopsin-positive cells develop Nrl and rhodopsin expression in a pattern similar to normal retinal development {#s2d}
----------------------------------------------------------------------------------------------------------------------------

Given the marked effect on photoreceptor differentiation efficiency, we sought to understand the mechanism of the taurine/RA effect. Critically, the effect could be one of selective cell survival of a rhodopsin-positive population or a fate change with enhanced proliferation and differentiation of a photoreceptor population.

A time-course of the differentiation was used to address the mechanism ([Fig. 2I](#f02){ref-type="fig"}). Nrl is expressed before rhodopsin in early post-mitotic rods and remains active in mature rods, but is not present in the mature CE or RPE. The *Nrl.gfp* transgene is expressed specifically in rod photoreceptors but is not confined to the nucleus ([@b3]). RSCs were derived from *Nrl.gfp* reporter mice and the observation of up-regulated Nrl and rhodopsin expression allowed us to determine exactly when the differentiating RSCs transition to immature and mature rod phenotypes, respectively ([Fig. 2J](#f02){ref-type="fig"}). Q-PCR analysis was performed to investigate the influence of the exogenous factors on pan-retinal gene expression in the differentiating cultures, with expression levels for each transcript compared to its expression in the starting RSC sphere population ([Fig. 2K](#f02){ref-type="fig"}). The presumptive eye field transcription factors Pax6 and Rx are higher at 2--3 weeks but lower in differentiated cultures at 44 days, consistent with an early proliferation of multipotent retinal progenitors. Chx10, a marker of neural retinal progenitors, is decreased in differentiated cultures.

Expression curves were constructed from the immunostaining: these included both % rhodopsin/% Nrl expression ([Fig. 2J](#f02){ref-type="fig"}) and absolute numbers of cells ([Fig. 3](#f03){ref-type="fig"}). Cells always proliferated to a greater extent in the presence of FBS; however, the absolute number of rods was higher in taurine/RA cultures (∼11,000±2,000/well) compared to 1% FBS (∼6,000±1,000/well) despite a significant decrease in total cell number in the taurine/RA cultures (*P*\<0.05, [Fig. 3](#f03){ref-type="fig"}). By using a differentiation protocol in which cells are exposed to FBS for the first 2 weeks and defined exogenous factors for the subsequent 4 weeks ([Fig. 2I](#f02){ref-type="fig"}), the absolute number of rhodopsin-positive cells was increased significantly (∼82,000±18,000/well) ([Fig. 3](#f03){ref-type="fig"}). Whether RSCs begin differentiation in taurine/RA or whether they are treated sequentially with taurine/RA after 2 weeks in 1% FBS, the temporal sequence of Nrl and rhodopsin expression is similar relative to first exposure to taurine/RA ([Fig. 2J](#f02){ref-type="fig"}). Nrl expression precedes rhodopsin expression by approximately 7 days, similar to that observed during retinogenesis ([@b3]).

![Absolute numbers of cells/well over 40 days of RSC differentiation in various culture conditions.\
Red bars represent the number of rhodopsin-positive cells present in each condition at each time point. Significantly greater proliferation is observed in media supplemented with 1% FBS than taurine and retinoic acid (\* *P*\<0.05); however, the absolute number of rhodopsin-positive cells is greater at 40 days. Error bars represent s.e.m.](bio-01-03-237-f03){#f03}

Consistent with immunocytochemistry, rhodopsin transcript levels are higher in the cultures differentiated in taurine/RA ([Fig. 2K](#f02){ref-type="fig"}). The specificity of the neural differentiation is supported by the decrease in RPE65 and vimentin expression, markers of mature RPE and Müller glia. It was observed that rhodospin expression appeared in a stochastic, patch-like pattern ([Fig. 4](#f04){ref-type="fig"}), and was one reason that absolute number of rhodopsin-expressing cells in an entire well was quantified for cell counts.

![Nrl and rhodopsin protein expression profiles in differentiating RSCs.\
**(A)** Representative images of differentiating cultures in 1% FBS+F/H and T+RA+F/H conditions at 4, 12, 21, and 40 days. In T+RA conditions, 12 days corresponds to high Nrl and lower rhodopsin expression, while at 21 days both Nrl and rhodopsin expression are high. By 40 days, cytoplasmic spreading results from further differentiation and the GFP is more widespread in the cultures. The images show overlap of Nrl (gfp, green) and rhodopsin (red) expression in the cell cytoplasm, including a number of Nrl+/rho+ and Nrl+/rho− cells. Nuclei are shown with Hoechst staining (blue). Scale bars represent 100 µm (4d) or 50 µm (12d, 21d, 40d). **(B,C)** Similar morphology is exhibited at the single cell level in low-density culture, between (B) a mature RSC-derived rhodopsin-positive cell (28 days) and (C) a cultured primary adult rod photoreceptor (3 days *in vitro*). The cytoplasmic morphology is visualized with ACTN.GFP (B) and Nrl.gfp (C). Scale bars represent 50 µm.](bio-01-03-237-f04){#f04}

The up-regulation of mature cell type markers as assessed by mRNA levels was lower than would be expected when compared with the differences in protein expression assayed by immunocytochemistry. This is likely due to our finding that, before any differentiation period, primary sphere colonies expressed mRNA for most differentiated cell markers. It is known that stem cells can express lineage-specific markers prior to becoming committed to a particular cell fate ([@b22]). RSC spheres are a mixture of stem and more mature progenitors which are likely already expressing some neural and photoreceptor mRNAs, similar to what has been observed in neural stem cell sphere colonies ([@b30]; [@b47]).

Taurine/retinoic acid induces a fate change and not a selective survival effect on RSC-derived rhodopsin-positive cells {#s2e}
-----------------------------------------------------------------------------------------------------------------------

The presence of taurine/RA in addition to 1% FBS (1% FBS+T+RA+F/H) does not effect the growth rate compared to 1% FBS alone ([Fig. 3](#f03){ref-type="fig"}). However, an early progenitor expansion using 2 weeks in 1% FBS followed by 4 weeks in taurine/RA (\[1% FBS+F/H\]/\[T+RA+F/H\]) leads to higher absolute numbers of rhodopsin-positive cells at 40 days (*P*\<0.05, [Fig. 3](#f03){ref-type="fig"}). This sequential treatment shows a similar proliferative rate to 1% FBS alone demonstrating that FBS has no impact on progenitor proliferation beyond the first 2 weeks in culture ([Fig. 3](#f03){ref-type="fig"}). With no impact on cell growth or the relative profiles of Nrl and rhodopsin expression, a survival effect on post-mitotic rods is unlikely. The steadily increasing expression of mature photoreceptor markers supports a fate change hypothesis for the effect of taurine/RA on RSC differentiation (see [Discussion](#s3){ref-type="sec"}). The loss of proliferation in these differentiating cultures after the progenitor expansion phase is supported by a drop in cells detectable in cycle (ki-67 staining).

Rod photoreceptor differentiation from adult human RSC progeny {#s2f}
--------------------------------------------------------------

Employing a similar differentiation strategy, adult human RSC progeny could be directed to produce rhodopsin-positive cells with high yield, over a protracted differentiation time course relative to mouse RSC progeny ([Fig. 5A](#f05){ref-type="fig"}). These human RSC-derived rods expressed rhodopsin and adopted a neuronal morphology consistent with rod photoreceptors *in vitro* ([Fig. 5B,C](#f05){ref-type="fig"}). Specifically, they expressed protein markers characteristic of mature photoreceptors (CRX) and not markers of other retinal lineages, such as mature RPE cells (RPE65), Müller glia (CRALBP) or retinal interneurons (calbindin) (data not shown).

![Exogenous factors can induce directed-differentiation of human RSC progeny to a rod photoreceptor fate.\
**(A)** Expression profiles of rhodopsin (red) in human RSC progeny over 150 days of differentiation in T+RA+F/H, 1% FBS+F/H. Error bars represent s.e.m. (N = 2--3). **(B,C)** Representative images of rod photoreceptor progeny arising in differentiating cultures of human RSC progeny at 105 and 123 days of differentiation in T+RA+F/H. Note the mature polarized neuronal morphology characteristic of mature rods adopted by isolated RSC-derived rods (arrowhead). Nuclei are shown with Hoechst staining (blue). Scale bars represent 100 µm.](bio-01-03-237-f05){#f05}

RSC-derived rhodopsin-positive cells express additional mature photoreceptor markers, and do not express markers of other retinal lineages {#s2g}
------------------------------------------------------------------------------------------------------------------------------------------

In order to unambiguously confirm the identity of the differentiated cells as post-mitotic rod photoreceptors, staining was performed for other markers of the retinal lineage at 6 weeks of differentiation (supplementary material Fig. S2). Markers of mature RPE cells (RPE65+), Müller glia (CRALBP+), mature bipolar cells or immature rod/bipolar progenitors (Otx2+Rho-) ([@b38]; [@b18]), and horizontal cells (calbindin+) were present in prominent levels in 1% FBS cultures (supplementary material Table S1), consistent with previous reports of the differentiation potential of RSCs ([@b50]; [@b13]). The expression of these markers was reduced significantly in taurine/RA cultures at 40 days. The undifferentiated RSC marker Pax6 ([@b56]) showed significantly higher expression at 21 days (48.9±6.9%, *P*\<0.05), consistent with an expansion of progenitor cells prior to fate specification. This level dropped significantly by 40 days in taurine/RA culture. The predominant remaining differentiated cells at 40 days in the taurine/RA culture (i.e. rhodopsin-negative cells) were RPE65-positive cells (3.8±2.6%) (supplementary material Table S1, Fig. S2G). Notably, while cone-rod homeobox (Crx) transcript levels were not significantly different at 21 and 40 days of differentiation ([Fig. 2K](#f02){ref-type="fig"}), the specificity of the rhodopsin immunostaining for detecting mature post-mitotic rod photoreceptors was confirmed by Crx/rhodospin double-labeling (supplementary material Fig. S2E,K). Crx exhibits both nuclear and peri-nuclear staining consistent with previous reports of staining patterns in mature retinal cells *in vitro* ([@b37]), and characteristic of other photoreceptor markers that display a strong nuclear signal in the developing cell and become progressively diffuse and peri-nuclear with differentiation, such as Otx2 or Nr2e3 ([@b5]; [@b43]). Cone markers, such as cone arrestin (supplementary material Fig. S2J), blue- and red/green-opsin could not be found by immunocytochemistry in 40 day taurine/RA culture. These data indicate that the progeny of adult RSCs, clonally isolated from the CE can undergo rod photoreceptor differentiation.

Discussion {#s3}
==========

The RSC was identified as a rare pigmented cell in the CE of adult mouse ([@b50]) and human ([@b13]) eye, with the ability to self-renew through long-term passaging and the capacity to differentiate into all retinal cell types. We find that it is only a defined subset of medium-large, heavily pigmented cells that exhibits stem cell properties, in contrast to a model in which colony formation is a general property of cultured CE or adjacent RPE cells ([@b11]). P-cadherin is expressed early in eye development as the outer optic vesicle becomes specified towards RPE and continues to be expressed in adult pigmented CE and RPE ([@b55]; [@b8]). We show that P-cadherin is also expressed at low levels in adult RSCs and that RSCs have at least two properties in common with nonproliferative RPE cells: the presence of at least some level of pigmentation and P-cadherin expression. This resemblance of a tissue-specific stem cell to a fully differentiated cell is similar to the case in the mammalian brain, where adult neural stem cells closely resemble mature astroglial cells ([@b16]; [@b46]).

Analogy has been made between the pigmented CE and the ciliary marginal zone of lower vertebrates. In cold-blooded vertebrates (e.g. teleosts/zebrafish) the retina continues to grow throughout adult life and in response to injury by the proliferative addition of new neurons from a germinal zone at the ciliary margin ([@b41]). A small population of proliferating retinal progenitors in the marginal zone in post-natal chickens also has been identified ([@b17]).

Recent reports have suggested alternate hypotheses to the observation of RSC stem cell character in terms of colony isolation, expansion and differentiation *in vitro*. These hypotheses include: the equal ability of all CE cells to undergo *in vitro* clonal expansion and transdifferentiation to produce mature retinal cell types; and unconvincing photoreceptor differentiation due to an epithelial character ([@b11]; [@b19]). Transdifferentiation is defined as the conversion of one differentiated, non-stem, cell type directly to another differentiated cell type and has been demonstrated in a number of amphibians as well as embryonic chick and rat ([@b20]; [@b42]; [@b39]; [@b44]). As reported above, enrichment of a clonally proliferative and multipotent stem cell based on the criteria of size and pigmentation suggests that transdifferentiation is an unlikely mechanism to describe these results. Additionally, in Chx10-null and Mitf-null mice with reduced neural retinal and RPE progenitor populations, respectively, a 3--8 fold increase of RSCs was observed ([@b12]). This is the opposite of what would be predicted by a CE-transdifferentiation model: in the Mitf-mutant, fewer pigmented epithelial cells should be available for transdifferentiation into RSCs.

Inefficient photoreceptor differentiation was reported in studies that exposed cultures to retinal differentiation conditions for 2--3 weeks ([@b11]; [@b19]). Our own studies corroborate that similar differentiation in 1% FBS results in low expression of rod photoreceptor markers (this study and [@b50]), but our data suggests that longer-term retinal differentiation is required to acquire phenotypic maturity of retinal cell types, and that the first 14 days of culture consist primarily of progenitor expansion. In addition, it is possible that a monolayer culturing method with multiple passages into serum could promote the selective growth of Müller cells, as expression of Müller glial markers Cx43 and vimentin ([@b28]; [@b58]) were up-regulated and we find that Müller glial cells are one of the most common cell types to differentiate when RSCs are exposed to serum (supplementary material Table S1). Other markers used in the studies by Gualdoni et al. and Cicero et al. to mark an epithelial identity include palmdelphin -- expressed in the mature neural retinal ([@b19]) -- and ZO-1, which persists in the apical cell membranes of undifferentiated neural tube neuroepithelium ([@b1]). The presence of ZO-1 indicates that the cells are neuroepithelial-like and undifferentiated, and supports a model of RSCs as a multipotent cell type.

Our results for Nrl and rhodopsin expression profiles *in vitro* ([Fig. 2J](#f02){ref-type="fig"}) using *Nrl.gfp* reporter mice, suggest that the ontogenic stages of rod photoreceptor gene expression *in vivo* ([@b3]) can be recapitulated in differentiating RSCs. The conservation of the identical temporal sequence of Nrl/rhodopsin expression regardless of the presence of a two-week expansion of retinal precursors from RSCs in 1%FBS+F/H (\[1%FBS+F/H\]/\[T+RA+F/H\] sequence, [Fig. 2I,J](#f02){ref-type="fig"}) supports a fate change hypothesis, but does not in itself rule out a selective photoreceptor survival effect. Our data show steadily increasing rhodopsin-positive cell counts over 44 days of culture ([Fig. 3](#f03){ref-type="fig"}). Combined with the similar proliferative rates between \[1%FBS+F/H\]/\[T+RA+F/H\] and 1%FBS alone, this strongly argues for a fate change effect of taurine/RA. A two-week progenitor expansion phase is sufficient to expand the population without limiting photoreceptor differentiation potential. The ability to expand the RSC-derived progenitor pool prior to differentiation is advantageous in increasing the number of cells available for transplantation to clinically relevant levels ([@b14]).

Taurine/RA culture was found to have a similar effect on adult human RSC differentiation, though the time course was considerably protracted. This is consistent with observations of photoreceptor differentiation in hES cell-derived retinal progenitors. An onset of opsin expression at day 70 of differentiation has been reported ([@b37]), and a second group detected no opsin expression after 130 days of differentiation and observed that less than 10% of cells were rhodopsin-positive at day 200 ([@b40]). Our new differentiation protocol produces more than 90% rhodospin-positive cells after 120 days.

We cannot rule out the possibility of taurine and RA encouraging the survival of an early photoreceptor specific progenitor (i.e. one which does not express Nrl or rhodospin). While the existence of a proliferative photoreceptor specific progenitor has been denied ([@b51]; [@b52]), there remains controversy in the literature ([@b54]; [@b9]), and no specific marker exists for such a cell. Clonal lineage analysis of the differentiating progenitors is needed to clarify the exact mechanisms governing the directed-differentiation.

Based on our knowledge of photoreceptor development, we can postulate a mechanism of action of the taurine/RA factors in photoreceptor fate specification. Otx2/Crx/NeuroD1-expressing photoreceptors develop as rods or cones depending on the expression of Nrl ([@b49]). Nrl binds and directly activates the *rhodopsin* promoter and is required for rod photoreceptor genesis ([@b35]): deletion of *Nrl* results in rods developing as cones ([@b15]). RA promotes Nrl expression directly through a RA response element (RARE) in the *Nrl* promoter ([@b27]). Taurine acts through the glycine receptor ([@b57]) on post-mitotic cells, altering opsin expression ([@b53]). The differentiation of retinal progenitors requires both exogenous signals, as well as cell-intrinsic restriction of potency ([@b2]; [@b45]; [@b10]). Our results confirm the importance of exogenous (cell non-autonomous) signals in directing the fate of retinal progenitors, as well as supporting phenotypic maturation.

The directed-differentiation of an adult stem cell population toward a therapeutically relevant cell type effectively (high purity) and efficiently (high yield) is a major barrier to regenerative medicine. The adult RSC shows distinct advantages as a donor cell population. The use of exogenous factors to drive photoreceptor differentiation in RSC progeny avoids genomic manipulation by viral vectors, which eliminates the risk of insertional mutagenesis ([@b21]). Employing fetal retinal progenitors for transplantation ([@b29]) requires isolation of these cells from the developing neural retina and this raises significant ethical issues. A number of groups have developed protocols to differentiate retinal cells types from human ES cells ([@b7]; [@b31]; [@b40]; [@b37]) and iPS cells ([@b32]). Without going through a definitive RSC stage, these methods cannot exclude non-retinal cell types.

Our study clarifies the characteristics of the adult RSC as a rare pigmented cell in the CE that can be enriched based on size, pigmentation, and low P-cadherin expression. Directing photoreceptor differentiation from the adult RSC is in agreement with current models of retinogenesis, where the ability to express markers of a mature rod phenotype are dependent on exogenous factors ([@b4]; [@b26]). These conclusions elucidate novel tissue-specific stem cell characteristics of the adult RSC, and the ability to enrich for rod specific lineages from human RSCs may prove useful for replacement of photoreceptors damaged by retinal disease.

Materials and Methods {#s4}
=====================

Mouse Strains {#s4a}
-------------

C57BL/6, *Actin.gfp*, and *Nrl.gfp* ([@b3]) transgenic strains were used in this study (of either sex). The *Nrl.gfp* animal expresses GFP under the Nrl promoter, resulting in cytoplasmic fluorescence in Nrl-positive cells. Experimental procedures were performed in accordance with the Guide to the Care and Use of Experimental Animals and approved by the Animal Care Committee at the University of Toronto.

Primary Cell Isolation and Culture {#s4b}
----------------------------------

RSCs were derived from the CE of adult mice (minimum 6 weeks old) ([@b12]) and from adult human donor tissue (of either sex) ([@b13]) as described previously. Human eyes were procured from the Eye Bank of Canada (Toronto, ON) within 24 h post-mortem. Cells were plated in serum free media (SFM) on non-adherent tissue culture plates (Nunc; Thermo Fisher Scientific) at a density of 20 cells/µL.

Differentiation of RSC Spheres {#s4c}
------------------------------

Individual RSC spheres were selected after 7 days primary culture. Spheres were derived from *Actin.gfp* mice to confirm appropriate sub-cellular localization of protein products on immunofluorescence (cytoplasmic v. nuclear), or from *Nrl.gfp* mice. Spheres (2/well) were plated on laminin (50 ng/mL)-coated 24-well plates (Nunc). Various time courses of differentiation are illustrated in [Fig. 2I](#f02){ref-type="fig"}. Following four days of culture in SFM plus FGF2 (10 ng/mL, human recombinant; Sigma) and heparin (2 ng/mL; Sigma) to encourage sphere adhesion and spreading, the media is replaced with the following (refreshed every four days):

*Standard differentiation media*: SFM plus 1% FBS (Invitrogen).

*Retinal differentiation media*: SFM plus combinations of taurine (100 µM; Sigma), RA (500 nM; Sigma), FGF2 (10 ng/mL).

Flow Cytometry and Cell Labeling {#s4d}
--------------------------------

Dissociated primary CE dissections cells were sorted using a FacsAria (BD Biosciences). For pigmentation sorts, cells were sorted based on forward and side scatter without the use of surface markers. For detection of P-cadherin, a FITC conjugated primary antibody (N-19, 1:200, Santa Cruz Biotechnology) or rat anti P-cadherin (1:200, Zymed Laboratories) in combination with Alexa anti-rat 488 (1:400) was used. Cells were counterstained with propidium iodide (0.9 µg/µL, Invitrogen) to assess viability. Analysis was performed using BD FacsDiva Software V6.1.2.

When defining a pigmented population from the CE for sorting, a population of cells with high side scatter (SSC) was chosen by comparison to control neural retina samples (which do not contain pigmented cells). This sort was displayed by plotting against a second, empty channel (FITC) as is standard practice. Cells exhibit some autofluorescence in the FITC spectrum, but were not specifically stained with any fluorescent-tagged antibodies, or sorted based on this. For sorting cells from the CE based on forward and side scatter, four approximately equal sized gates were drawn guided by clusters within the population.

High and low gates for P-cadherin were defined by cell clusters observed in fluorescence values in stained cells, as is standard procedure. Gate widths were kept constant between experiments. The lower border for "low" P-cadherin expression was defined by placing the gate just outside the peak fluorescence value for negative control (P-cadherin stained neural retinal cells) in each sort. Gate width (fluorescence intensity) for low P-cadherin expression was smaller, as the density of cell was higher for low fluorescence intensity values. Low P-cadherin expressing cells composed 20--40% of the total cells. High P-cadherin expressing cells composed the top 4--10% of total cells.

Quantitative RT Polymerase Chain Reaction (Q-PCR) {#s4e}
-------------------------------------------------

Real time RT-PCR experiments were performed as previously described ([@b56]). All Q-PCR is reported relative to transcript levels of a particular gene in undifferentiated RSC progeny (i.e. RSC spheres) prior to differentiation. RNA was isolated using a Qiagen RNeasy extraction kit with DNase to remove genomic DNA contamination and a specified amount of cDNA was reverse transcribed using SuperscriptIII (Invitrogen). Q-PCR was performed using Taqman Gene Expression Assays in a 7900HT Fast Real-Time PCR System (both from Applied Biosystems). The following Taqman assays (Applied Biosystems) were used: rax 01258704_m1, pax6 00443081_m1, chx10 00432549_m1, rho 00520345_m1, crx 00483994_m1, vim 01333430_m1, calbindin 00801461_m1, opsin1mw 00433560, rpe65 00504133_m1, cdh3 (pcdh) 01249215_m1, cdh2 (ncdh) 00483213_m1, rplp0 00725448_s1. Quantification was performed using the delta C~t~ method with rplp0 ribosomal protein as endogenous control.

Immunostaining {#s4f}
--------------

Immunostaining was performed as previously described ([@b13]). Immunofluorescence was reviewed by epifluorescence (Zeiss AxioObserver.D1), as well as confocal image analysis (Olympus Fluoview FV1000) to confirm co-localization of indicated protein products. Cell counts were performed using ImageJ image analysis software. The following antibodies were used: mouse anti rhodopsin (RetP1, 1:250; Millipore), mouse anti RPE65 (1:250; Millipore), mouse anti ki-67 (1:10; BD Pharmigen), rabbit anti blue opsin (1:200; Millipore), rabbit anti red/green opsin (1:200; Millipore), mouse anti Pax6 (1:400; Developmental Studies Hybridoma Bank, Iowa City, IA), mouse anti Cralbp (1:500; Abcam, Cambridge, MA), mouse anti calbindin (1:500; Sigma), rabbit anti GFP (1:500; Molecular Probes, Invitrogen), rabbit anti cone arrestin (1:10,000; a gift of Cheryl Craft, University of California, Los Angeles) ([@b60]), rabbit anti Otx2/Crx (1:1000; Cheryl Craft) ([@b59]). Alexa-tagged secondary antibodies (Molecular Probes, Invitrogen) were used at 1:400. All antibodies were tested on sections of neural retina/RPE as positive controls.

Statistics {#s4g}
----------

All cell counts and pooled data are presented as averages with standard error of the mean (s.e.m.). Statistics were performed using Prism 4. Significance is noted using Student\'s t test to compare two groups or ANOVA when comparing three or more groups. Dunnett\'s post-hoc test was used to compare multiple groups to a single control group, and Bonferroni\'s post-hoc test to compare multiple groups to each other.
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